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COMPLETE SPECIFICATION 

Improvements relating to Seniicrystalline Glass and to the 
Coating of Metal therewith 



We, Pfaudler Pehmuttt, Inc., of 1000 
West Avenue, Rochester, New York, United 
States of America, a corporation organised 
and existing under the laws of the State of 

5 New York, United States of America, do 
hereby declare the invention, for which we 
pray that a patent may be granted to us, and 
the method by which it is to be performed, 
to be particularly described in and by the 

10 following statement: 

This invention relates to semicrystalline 
glasses, to methods of making them and, more 
particularly, to methods of applying them to 
metallic bases to form impervious coatings 

15 thereon having superior mechanical strength, 
impact and abrasion resistance, and high 
resistance to corrosion, oxidation and other 
forms of chemical attack. 

It has been shown that partial crystalliza- 

20 tion of glass can be carried out under con- 
trolled conditions for the production of a 
semicrystalline material having a high 
strength, great erosion and abrasion resist- 
ance, and other properties superior to that 

25 of uncrystallized or amorphous glasses. 

The protection of metallic articles with 
a coating of glass or vitreous enamel has 
long been known. Such coatings exhibit all 
the desirable properties of glass. However, 

30 such coatings have limited resistance to abra- 
sion, to thermal and mechanical shock, and 
to other mechanical stresses. The use of such 
coatings has been restricted to applications 
where the thermal or mechanical shock, abra- 

35 sion or other such stresses were relatively 
low and where the superior corrosion resist- 
ance or other desirable properties of the glassy 
structure more than offset its disadvantages. 
While such glass or vitreous enamel- 

40 coated objects have found wide use in the 
chemical industry because of their superior 
resistance to chemical attack, and more parti- 
cularly their resistance to acids at high tem- 
peratures, their use has been restricted by 

45 the jelative me chani cal weakness, frangibility 



and vulnerability to mechanical and thermal 
shock of the coating. 

It has now been found that the properties 
of glass may be considerably altered and im- 
proved by an incorporation of discontinuous 50 
or discrete non-glassy particles therein. 
Specifically, it has been found that strength 
and resistance to impact, thermal shock, and 
abrasion of glasses can be considerably en- 
hanced by a controlled partial crystallisation 55 
or devitrification, which results in a material 
containing a proportion of a crystalline phase 
precipitated therein. These partially crystal- 
lised or devitrified glasses retain, in large 
measure, all the desirable non-reactive pro- 60 
perries of the original glass itself. These 
improved glasses have exhibited great pro- 
mise for the production of objects which are 
subjected to high and changing temperatures. 

According to the present invention, a pro- 65 
cess of forming partially crystallised glass 
comprises the steps of making a crystallis- 
able glass, producing a frit from the amor- 
phous mass formed by melting the glass, 
reducing the frit to a powder, heating tie 70 
powder to a temperature sufficient to cause 
the particles of the powder to coalesce, and 
maintaining the glass at a crystallising tem- 
perature to partially crystallise it. 

The invention also consists in a partially 75 
crystallised glass which is formed from a 
crystallisable glass by melting the glass to an 
amorphous glassy mass, producing a frit from 
the amorphous mass, reducing the frit to a 
powder, heating the powder to a temperature 80 
sufficient to cause the particles of the powder 
to coalesce, and maintaining the glass at a 
crystallising temperature to partially crystal- 
lise the same. 

The crystallized glasses, by their very 85 
nature, are extremely refractory and have 
high melting points. However, in order to 
apply a coating to a metallic base, it is neces- 
sary that the coating be fused in place in 
order to produce a smooth, adherent, uniform. 90 
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coatinc covering the entire surface of the base 
and having no imperfections or pinholes 
which could serve ob starting places for cor- 
rosive attack and subsequent failure of the 

5 base. It is, therefore, necessary to provide 
a coating material having a fusing or melting 
point below the maximum temperature to 
which the metallic base can safely be heated 
without worpsgc, oxidation, or other unde- 

10 sirahle effects. This end is generally attained 
in the vitreous enamel industry by formu- 
lating the enamel to have a fusing point 
considerably below the maximum temperature 
to which the base can be heated. 

15 However, since crystalline coatings have a 
very high melting point, this is not always 
possible. For this reason, it Is usually best to 
apply the coating composition to the metallic 
substrate in the amorphous or uncrystallized 

20 form in which it is easily fusible in order to 
allow the glass composition to melt on the 
surface of the base to form an adherent uni- 
form continuous glassy coating. The coated 
object is then subjected to a neat treatment 

25 cycle causing the glass to nucleate and cry- 
stallize in situ, producing a partially cry- 
stalline coating. By means of this technique, 
it is possible to produce an adherent, even, 
smooth coating on a metallic base, with the 

30 coating having a higher softening point than 
the parent glass itself. The provision of a 
method for applying an amorphous glass to 
the surface of a metallic base, and then sub- 
sequently subjecting the coated base to heat 

35 treatment cycle to cause the glass to nucleate 
and partially crystallize is another object of 
this invention. 

One important requirement in the vitreous 
enamel industry is the adjustment of the 

40 properties of the enamel so that it u fits " the 
object to be coated; that is, enamel must 
have a coefficient of thermal expansion which 
bears a definite relation to the coefficient of 
expansion of the base metal itself. When the 

45 enamel is applied to the base metal, and fired 
at high temperature, each particle of glass 
becomes less viscous and fuses to neighbour- 
ing particles, forming a thin layer covering 
the entire base. When the enameled base is 

50 cooled, the base metal begins to contract. 
As long as the enamel is in a plastic form, 
h can adjust to the change in dimension of 
the base and no stresses arc set up. However, 
as the base metal enamel system is further 

55 cooled, it passes the point where enamel 
hardens or " sets " and can no longer accom- 
modate itself to the change in dimension 
of the base. As the system further cools, both 
the base metal and the enamel continue to 
60 contract at a rate depending on their res- 
pective coefficient of thermal expansion. If 
the coefficient of thermal expansion of enamel 
and the glass were identical (which is never 
the case in practice), then no stresses would 

65 be set up as the base metal enamel system 



cools t» room temperature. If the enamel 
should have u coefficient of thermal expansion 
smullcr than that of the base metal (which is 
the usual case), it would tend to contract 
less rapidly and would be in compression 70 
when the system had cooled at room tem- 
perature. The magnitude of the stress depends 
on the difference in coefficients of expansion 
of the enamel and the base metal, on the 
" set point " of the enamel or the tempera- 75 
turc at which the enamel is rigid enough to 
begin to take on stress ond, to a lesser extent, 
on such properties as modulus of elasticity, 
and so forth. Thus, the enamel is generally 
subjected to stresses of considerable magni- 80 
tudc depending on the relationship between 
the coefficients of thermal expansion as des- 
cribed above. 

It is known that in order to produce a stable 
enamel coating on a metallic base, there arc 85 
certain limits of allowable stresses for the 
enamel. Since glass of vitreous enamel is 
stronger in compression than in tension, it is 
desirable and, in fact, from a practical point 
of view, necessary to have the enamel in 90 
compression rather than in tension in the 
system at the temperature at which it will 
be used. The optimum magnitudes of these 
compressive stresses depend on the mechani- 
cal strength and modulus of elasticity of the 95 
enamel, the shape or configuration of the 
coated surface and the ultimate strength of 
the enamel. 

It has therefore, been found necessary to 
adjust the properties of the vitreous enamel 100 
to conform to tne properties of the base metals 
to be coated so mat a metal enamel system 
will be formed wherein the enamel will be 
subjected to compressive stresses within the 
allowable limits. 105 

The ** fitting " of the coating to the base 
metal is also necessary in the case of coatings 
formed of partially crystallized glass, for the 
same reasons as described above in connection 
with enamel. However, in the case of par- 110 
tially crystallized glass, the variables control- 
ling the coefficient of thermal expansion of 
the coating are more complex. In the case 
of crystallized coatings, not only is the total 
residual stress in the coating controlled by the 115 
initial composition, but also by the heat treat- 
ment which determines the size, composition 
and the amount of the crystals existing in 
the coating, and the composition of the resi- 
dual glassy phase. 120 

The fact that the initial composition of 
the coating and the subsequent heat treatment 
can control the properties of the final cry- 
stallized glass coating renders it possible 
to control these properties as described above, 125 
and in addition renders it possible to provide 
coatings of varying properties on different 
portions of a single object. For example, it 
might become desirable to provide a coating 
having relatively high residual compressive 130 
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stress on the concave portions of a given piece 
of apparatus, and a coating having residual 
stresses of a smaller magnitude on the con- 
vex portions thereof. 

5 Since the object of surface coatings is to 
impart corrosion or oxidation resistance, im- 
permeability to gases, or other desirable pro- 
perties to the base metal, it naturally follows 
that the coating must possess these properties 

10 in as great a degree as possible. Considerable 
progress has been made, for example, in de- 
vising formulae for glassy or vitreous ena- 
mel coatings which exhibit resistance to the 
corrosive attack of almost all acids, (except 

15 hydrofluoric) at almost all concentrations and 
other compositions have been developed which 
are also resistant to oxidation under a wide 
range of conditions. In order to have the 
crystallized glass coatings capable of serving 

20 under various environmental conditions, it is 
necessary that both components of the cry- 
stallized glass, that is, both the crystal phase 
and the residual glassy matrix, must have 
the desired properties. 

25 Since the properties of the base metal limit 
the firing temperature and the firing time, 
the initial firing temperature must be relatively 
low, particularly for economical application to 
mild steel and other non-refractory base 

30 metals. Further, since it is necessary for the 
coating, at least initially, to completely fuse 
in order to form a continuous coating over 
the base metal, the coating must be easily 
fusible within the temperature limitations 

35 imposed by the base metal. 

Since the nucleation and crystallteation of 
glasses to form a poly-crystalline composite 
material takes a certain amount of time, it 
has been found desirable in certain cases to 

40 subject the glass to partial heat treatment 
prior to the application to the base metal. 
This is particularly true in formulations 
which are slow in crystallizing where the 
entire heat treatment cycle may be so long 

45 as to be detrimental to the base metal. In 
other cases, particularly where large appa- 
ratus is being manufactured, the prolonged 
heat treatment cycle is very costly since a 
single piece of apparatus may occupv a large 

50 and expensive furnace for an undue length 
of time. In both these cases, it has been found 
desirable to pre-treat the glass to cither begin 
nucleation or to partially begin crystalliza- 
tion of the glass when it is in the frit stage, 

55 and then to grind the nucleated or partially 



crystallized glass, and apply it in the normal 
manner to the metal surface. 

The detailed nature of the invention will 
be apparent from the following description 
when taken in connection with the accom- 60 
panying drawing, the single figure of which 
is a curve showing the stress existing in a 
layer of partially crystallized glass coating 
applied on a metallic base as a function of 
the temperature of the coated system. 65 

This invention is based, at least in part, 
upon the discovery that certain glass composi- 
tions may be crystallized, that the crystalli- 
zation may be accelerated by the physical 
form of the amorphous glass, that the amor- 70 
phous glass may be applied to metallic bases 
and crystallized in situ to form a poly- 
crystalline-armorphous ceramic coating, and 
that the properties of the coating material 
may be adjusted with relation to the proper- 75 
ties of the base metal and to the environ- 
mental condition of use to form coatings 
superior to those heretofore known. 

It is known that the mechanical strength, 
abrasion resistance, and other desirable pro- 80 
perties of glasses can be greatly enhanced 
by controlled crystallization or devitrification. 
For example, U.K. Specification No. 829,447 
discloses a semi crystalline ceramic composi- 
tion comprising a continuous amorphous 85 
phase and a crystalline phase or phases evenly 
distributed throughout. Such crystalline 
phases are produced by controlled nucleation 
and subsequent devitrification of the glass 
composition, thereby growing the crystals in 90 
situ. 

In order to cause glasses to crystallize, it 
was heretofore considered necessary to in- 
clude in the batch composition a so-called 
"nucleating acgent" which is capable of 95 
separating from the batch in the form of 
nuclei, or very small crystals. In the afore- 
mentioned Specification No. 829,447 
methods for forming glasses having substan- 
tial crystalline components are disclosed, with 100 
the use of titanium dioxide in substantial 
amounts as a nucleating agent. However, we 
have found that while titanium dioxide is 
effective as a nucleating agent, the presence 
of this material in the glass is not essential 105 
for the successful formation of partially cry- 
stallized glasses. A large number of glass 
compositions may be successfully crystallized 
if properly heat-treated although no tita- 
nium is present in the batch. no 
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Table I, given below, »et» forth a scries titanium and others arc titanium-free, which 
of fourteen glasses, of which some contain huvc been found crystal liznble. 
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Tabic II, given below, shows a second found suitable for crystallization. All of the 
group of twelve glasses which have been glasses given below are titanium-free. 

Table II 

Composition (Percent by Weight) of Further Crystallizeablc Glasses. 



Oxides 


1 


2 


3 


4 


5 


6 


7 


8 


8 


10 


11 


12 


SiO, 


62.5 


62 


61.5 62.43 


62.5 


62 


62.5 


62 


64.5 


63.9 


66.3 


65.7 


Al t O, 


12.1 


12 


11.9 


12.08 


15.13 


15 


15.13 


15 


15.6 


15.48 


16.0 


15.92 


B a O, 


6.56 


6.5 


6.45 


5.64 


6.5 


3.03 


3 












Na 2 0 


4.03 


4 


3.97 


4.02 


4.03 


4 


7.56 


7.5 


7.8 


7.74 


8.02 


7.96 


K t O 


3.03 


3 


2.98 


3.02 


















Li 2 0 


9.08 


9 


8.93 


9.07 


9.08 


9 


9.08 


9 


9.37 


9.28 


9.64 


9.56 


CaO 


1.51 


1.5 


1.49 




















ZnO 


1.21 


1.2 


1.19 


1.21 


















Cr 2 O a 




0.8 


1.6 


1.62 




0.8 




0.8 




0.83 




0.79 


SrO 










2.72 


Z7 


2.72 


2.7 


2.8 


2.78 







5 In addition to the above, it is possible to as the following; 
crystallize glasses containing antimony, such 

Table III 



Oxides 


Weight Percent 


SiO g 


58.8 


Li 2 0 


7.5 


Al £ O a 


11.6 


Na 2 0 


10.1 


TiO, 


6.1 


MoO, 


2.9 


Sb 2 O a 


2.9 



*ui. litu utaiuiciiL w uicac glasses may 
vary considerably depending upon the results 

10 to be obtained. For the majority of glasses, 
heating at 1200° to 2000°F. for from one 
to six hours is adequate for crystallization. 
For example, in a preliminary study involv- 
ing glass rods of tie above compositions, a 

15 double heat treatment was used involving a 
nucieation heat treatment in a temperature 



range of from 390°F. to 1200°F., for heating 
periods of from 17 to 165 hours. The sub- 
sequent crystallization temperature ranged 
from 1200°F. to 1525°F. for heating periods 
of from 2 to 17 hours. It was found with 
composition No. 1 (see Table I) that the 
maximum strength was obtained with a 
nucieation temperature of 750°F. maintained 
for a period of 162 hours and a subsequent 



20 



25 
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crystallizing time <>r 4 hour* til 1290°F. initiation of the crystallization. After the 
After this treatment, the average modulus particles have coalesced to form n continuous 
rupture of rods of this composition was coaling, the large number of nuclei ind 
49,600 lbs. per square inch or approximately crystals which have been initiated as described 

5 4 6 times as great ns die modulus of the same above are scattered throughout the body of 70 
glass before heat treatment. 'Hie crystal the coating, thereby permitting crynuilliza- 
phascs present therein appear to be substan- tion to take place relatively quickly in order 
tiully betaspodumcne plus Mg/riO«. These to produce a completely crystallized coating, 
crystal compositions were obtained by X-ray For this reason, it has been found that many 

10 diffraction methods, which merely indicate slowly crystallizing glasses, which would have 75 
the presence of these phases and are not to be very limited usefulness for the production 
considered as precluding the existence of of bulk articles of crystallized glass arc never- 
other crystalline phases in the glass. theless useful if the crystallizution is initiated 
It was found thai small amounts of cry- while the glass is in finely divided form as 

15 stal phases ranging from approximately described above. , . 

to approximately 5% of a crystal size ranging Moreover, the understanding of this pheno- 
from 500 angstroms to 10 microns produced menon provides a means for control of the 
the greatest increase in strength in the glass crystallizing process by controlling the avcr- 
rods during experimental runs. However, age particle size of the finely divided particles 

20 these data arc not proved to be completely as applied to the metallic base. The finer the 85 
applicable to similar compositions crystal- glass has been ground prior to the formation 
lized in situ upon a metal base, since the of the enamel slip for the coating process, 
relative strength of the glass rods and impact the more rapid and complete the crystalli- 
rcsistance of similar crystallized coatings on zation will be for any given heat treatment. 

25 metal substrates were not completely paral- Thus, it is possible to vary the degree of 90 
lei. For this reason, the strength data obtained crystallization on any particular object to be 
by study of experimental crystallized rods coated by merely applying a more finely 
will not be further given, since this invention ground slip to the portions where accelerated 
relates principally to the production of cry- crystallization is desired. 

30 stallizcd coatings on a metallic base. Since one of the important end uses of 95 

It is to be noted that quite a long time partially crystallized glass coatings of the 
is needed for both the nucleation and the nature described herein is for the production of 
crystallizing heat treatments given above. It corrosion-resistant coated apparatus, the prob- 
has been found that the use of such long heat 1cm of the chemical resistance of the various 

35 treatment periods, including a lengthy nuc- phases of the coating upon exposure to com- 100 
leation treatment followed by a crystaliiza- monly used reagents is of importance, 
tion treatment, causes crystallization of all of In order to attack this problem systema- 
tic glasses in the above tables. However, ticplly, samples of desirable mineral phases 
when these glasses are applied to a metallic to be encountered have been subjected to cor- 

40 base, the heat treatments required to provide rosion tests in both the crystalline and amor- 105 
a substantially complete crystallization are phous states. The minerals were preferably 
considerably shorter. One explanation of this first crushed and screened in order to pro- 
discrepancy is the fact that the crystaliiza- vide samples having large relatively constant 
tion or devitrification of glass appears to be surface areas, in order to permit comparative 

45 a surface phenomenon related to the surface evaluation of die corrosion resistance of the 110 
energy of the glass being treated. In other various materials. 

words, it appears that the crystallization An example of a test which was found 
initially takes place on the surface of the satisfactory for forming a basis for cvalua- 
glass and gradually progresses inwardly into ting the phases to be considered in forming 

50 the body until, after an extended period of nucleated glass coatings according to this 115 
time, the entire glass is crystallized. Where invention was carried out as follows: The 
the glass exists in a finely divided form as samples to be investigated were crushed in 
for application to a metallic base, each of an inert mortar and the crushed material 
the glass particles will begin to nucleate and transferred to a nest of sieves for separation. 

55 to crystallize on the surface during the period A uniform sample was taken having particles 120 
when they are being heated to the fusion which passed through a 35 mesh sieve 
point for forming a continuous coating on (No. 40) but remained on a 48 mesh sieve 
the surface of the base metal. Moreover, (No. 50), yielding a sample having particle 
as these glass particles approach the fusion size ranging from approximately 297 to 420 

60 temperature, they tend to u slump n or flatten microns. These particles were then washed 125 
out, which increases the surface area to with alcohol in order to remove any mecha- 
volume ratio as the particles depart further nically adhering fines, and after careful dry- 
and further from spherical configuration, ing, a sample was weighed out for the corro- 
During this period, the extended surface of sion test itself. The corrosion test in one 

65 the particle provides a large surface for the case comprised a treatment of the sample in 130 
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a 50 ml. of 0.02 N. sulphuric acid at 203 °F. service. After the test, the decrease in the 

for a period of four hours. However, it is weight of the samples and the consumption 

to be understood that the reagents and tern- of the sulphuric acid during the treatment 

peratures used for the test should be related were determined. The results are summarized 10 

5 to the reagents and other environmental in the following table, 
factors which the coating will encounter in 

Table IV 
Corrosion Test 



Material 


Amt. used in 
Test Cgm) 




RESULTS 




Decrease in 
Wt. in % 


Consumption 
of 0.02n H t S0 4 
in ml/10 g. 


Equivalent 
amt of Na t O 
in mg/10 g. 


Rutile 


3.3480 


0.045 


5.53 


3.4 


B Spodumenc 


3.0622 


0.718 


48.0 


29,8 


Glass 


2.0630 


0.1115 


40.9 


25.4 


Crystal 


1.9197 


0.0834 


38.6 


23.9 


li,0 Glass 


1.2445 


5.11 


581 


360 


SiO, Crystal 


1.2478 


5.22 


589 


365 


Li B 0 Glass 


0.9617 


1.27 


475 


294 


2SiO f Crystal 


1.4394 


0.54 


156 


96.7 



Although the above tests do not yield abso- 
lute corrosion rates for the materials tested, 
they do yield comparative data which pcr- 
15 mits the evaluation of various materials and 
gives sufficient indication to determine which 
are suitable for use in a particular environ- 
ment. It is to be understood that these parti- 
cular tests are given herein for the sake of 
20 example only, to show the steps which could 
be taken by anyone skilled in the art as part 
of the rational design of crystallized coatings 
for resisting any particular reagent or for 
any particular service. It is clear that if it 
25 is desired to design a coating for resisting 
other reagents, the steps to be followed would 
be equivalent to those outlined above. The 
resulting data would then be correlated with 
the other characteristics desired in the coat- 
35 ing as herein explained, thereby permitting 
the logical choice of the materials having 
the largest over-all desirability for the purpose 
in question. 
As stated above, the properties of the cry- 
40 stallized glass must be adjusted to " fit" the 
base metal to be coated in order to limit the 
stress in the glass to obtain the maximum 
durability and thermal and mechanical shock 
resistance. Since glass and ceramic material 
45 in general, and crystallized glass in particu- 
lar, are considerably stronger in compression 
than in tension, it is desirable that the resi- 
dual stress be of compressive rather than 



a tensile nature. Further, it has been found 
through experience, both in the vitreous ena- 50 
mel art and by testing crystallized glass 
coatings, that magnitude of these stresses 
should lie between 8000 and 30,000 pounds 
per sq. inch (as measured by the techniques 
set forth below) and preferably in the range 55 
between 16,000 and 24,000 pounds per sq. 
inch for maximum durability and shock 
resistance. In order to successfully coat any 
particular base metal, it is therefore neces- 
sary to adjust the formulation and method of 60 
application of the coating to attain compres- 
sive stresses of the order of magnitude 
described above. It is clear that it is neces- 
sary to prepare different formulations for 
attaining the same stress on base metals of 65 
different natures. A formulation and method 
of application which would attain this end of a 
base of mild steel would not necessarily give 
desirable results on a different base metal such 
as, for example, stainless steel or one of the 70 
refractory metals. It is, therefore, necessary 
to adjust the formulation and method of 
application to suit each particular base 
metal. 

It has also been found that high compres- 75 
sive stresses are more desirable on concave 
surfaces than on convex surfaces. The com- 
pressive stress on a concave surface tends to 
force the glass against the metal, and im- 
proves the adherence and durability of the 80 
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coming. On the other hand, high compressive 
stresses on convex portions actually tend to 
cuusc I he coaling to flake or splinter o(F 
the convex surface, and therefore, stresses 

5 of a smaller order of magnitude ore desir- 
able. On sharp convex surfaces such os flan- 
ges and the like, it is desirable that the 
compressive stress should not exceed 14,000 
lbs. per square inch. 

10 From the above discussion it can be seen 
that in order to rationally design a nucleated 
coating to " lit " a particular application, it 
is necessary to take into account the residual 
stress of the coating. In order to facilitate 

15 the formulation of a satisfactory coating, it is 
therefore necessary to understand some of 
the factors entering into the final results and 
to be able to measure, in a quantitative 
fashion, the results of changes in formulae 

20 made in accordance to the general rules which 
arc herein described. 

There are two methods for controlling 
the magnitudes of the stresses in the coating 
applied to a metallic base. The first method 

25 is adjustment of the formulation of the coat- 
ing to obtain a material having the desired 
coefficient of expansion with relation to the 
metallic base, and the second is by adjusting 
the formulation to affect the M set point " of 

30 the coating. 

The importance of the set point can be 
understood when it is appreciated that the 
coating is in a viscous semi-fluid condition 
when it is fired on the metallic base. As the 

35 coated base is cooled, the coating can adjust 
to the changing dimensions of the contracting 
base metal as long as it remains in a viscous 
condition. However, at the set point, the 
viscosity of the coating becomes so great 

40 that it cannot adjust to the contraction of the 
metallic base, and the formation of the stres- 
ses in the coating begins. The lower the set 
point of the coating, the nearer to room 
temperature the system can be cooled prior 

45 to the initial formation of stresses in the 
coating, and die lower the final stresses in the 
coated base has reached room temperature. 
Thus, even in cases where the difference in 
coefficient of expansion of the coating and 

50 the base metal differ markedly, if the coating 
has a low enough set point, the final stresses 
in the coating at room temperature may be 
relatively low since the stresses do not begin 
to build up until the coated article is rela- 

55 tively cooL 

It has been found that the coefficient of 
thermal expansion of crystallized coatings 
depends mainly on the coefficient of expan- 
sion of the vitreous or glassy phase and only 

60 to a smaller extent on the coefficient of ex- 
pansion on the crystalline portion thereof. 
The coefficient of the glassy phase may be 
adjusted to varying the composition. For 
example, an increase In the proportion of 

65 sodium oxide in the glass causes an increase 



in the coefficient of expansions with a result- 
ant decrease in the compressive stresses in 
the final coaling. The opposite effect hns been 
uituincd by the increase in the percentage 
of boron oxides in the plass. A substitution 70 
of iron oxide for aluminium oxides decreases 
the residual stresses. Increases in the com- 
pressive rcsiduul stresses arc caused by an 
increase (n the proportion of lithium oxide, 
but in this case the crystalline portion of 75 
the coating is increased and this causes both 
an increase in the set point as well as a 
lowering of the coefficient of expansion. 

The set point of the coating is also depen- 
dent on the melting point of the glassy or 80 
vitreous phase of the coating. An increase 
in the proportion of refractory oxide, such 
as aluminium oxides, silica, or magnesium 
oxides, would increase the temperature of 
the set point, and therefore tend to increase 85 
the residual stresses in the coating. Other re- 
fractory or high-melting oxides have, of 
course, a similar effect. 

These principles can be used to advantage 
by any ceramist skilled in the art in order 90 
to adjust both the coefficient of expansion and 
the set point of the coating either upwardly 
or downwardly as desired to attain the 
coating to "fit" any given base. However, 
the understanding of the mechanism and the 95 
glasses and crystalline ceramics is not far 
enough advanced at the present time to per- 
mit theoretical prediction of the properties 
of the final glass or crystalline structure in 
an exact quantitative manner and therefore, 100 
a quantitative method for measuring the 
effects of adjustments of the formulation is 
required for the formulation of coatings 
having optimum properties for any parti- 
cular base. 105 

It has been found most convenient to 
measure the stresses existing in the base- 
coating system directly rather than to measure 
the coefficients of expansion, set points and 
the other factors separately and to calculate 110 
the final stress. For this reason, a procedure 
for carrying out this measurement quickly 
and efficiently in the laboratory will now be 
given. 

A convenient apparatus for carrying out 115 
the measurement of the residual stress com- 
prises a means for supporting one end of a 
thin strip of coated base metal, a controllable 
furnace, and means for measuring the deflec- 
tion of the other end of the strip at various 120 
temperatures. For example, if a strip of the 
base metal in question is coated on one side 
with the formulation to be investigated and 
then cooled, the coating on the strip will be 
under compressive or tensile stress depending 125 
upon the composition of the coating. If the 
strip is thin enough, the compressed coating 
on one side will cause the strip to^ assume 
a curved position, the radius of this curve 
depending on the degree of compression in 130 
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the glass. The principle of this instrument is 
similar to that of the bi-metallic strip com- 
monly used for temperature measurements 
wherein a composite strip of two materials 
5 having different coefficients is subjected to 
a change of temperature. One of the materials 
will expand (or contract) to a greater degree 
than the other during the change in tem- 
perature, and the bi-metallic strip will assume 
10 a curved configuration with the material 
which has undergone the greater expansion 
being on the outside of the radius of the 
curve when the strip is heated. The thin strip 
of base metal coated with crystallized glass 
15 acta in a similar manner, with the coating 
acting as one of the metals in a bi-metallic 
strip. Thus, where a thin straight strip of the 
base metal being investigated is coated with 
a coating formulation, and slowly cooled, the 
20 strip begins to deflect as soon as the coating 
passes through its "set point" The magni- 
tude of the stress in the coating can be cal- 
culated from a modulus of elasticity of the 
Btrip and the amount of deflection. 
25 As an example of this procedure, a speci- 
men of 10-gaugc steel, 6 inches long and 
1 inch wide, was given a ground coating on 
both sides using a formulation very similar 
to that described in Table IX below. This 
30 ground coating was then fired on in the usual 
manner so as to obtain an equal coating on 
both sides of the specimen of a thickness 
of approximately, 0.008 inches. After being 
ground coated, the centre 4 inches of one 
35 side of the strip was coated with the cry- 
stallized cover coat under investigation. The 
strip was then fired in an electric furnace to 
fuse the cover coating, and then cooled 
slowly to room temperature. 
40 The top end of the strip was then clamped 
in a vertical position in a controllable fur- 
nace, with the lower end hanging free. The 
furnace was then heated at a rate of approxi- 
mately 8°C. per minute, and the deflection 
45 of the strip was measured. The deflections 
observed were then converted to stress in 
pounds per sq. inch. The results are shown 
by the curve in the drawing. 

Referring to the drawing, it can be seen 
50 that the stress at 120°F. was indicated to 
be about 18,000 lbs. per sq. inch. This stress 
decreased in almost a straight line as the 
temperature rose, since the base metal expan- 
ded more rapidly than the coating, thereby 
55 relieving the compressive stress in the coat- 
ing. At a temperature of approximately 
750°F., the strip was substantially straight 
indicating that the stress in the coating mate- 
rial had been completely relieved and the 
60 coating was in a condition of zero stress. 
Further heating produced a reverse curvature 
in the strip indicating that the coating was 
now under tension, the base metal having 
expanded to such a degree that it was now 
65 actually longer than the coating. At approxi- 



mately 900°F, the strip began to straighten 
out again, and at a temperature of 1000° 
and above, the strip remains straight. This 
indicated that at approximately 900°F. the 
coating had begun to soften so that it began 70 
to conform to the dimensions of the base 
metal, thereby relieving the stress. The coat- 
ing had completely softened at a temperature 
of approximately 1000°, so that no further 
stresses were possible above this temperature. 75 

It may be seen that by applying the above 
technique, the residual stresses in any base 
metal coating formulation system can be 
evaluated. By applying the technique des- 
cribed above, any starting formulation can be 80 
"fitted" by means of adjusting die thermal 
expansion characteristics and the set point 
of the coating so that it can be made to fit 
the particular base metal to be coated. 

To summarize the above, when the cera- 85 
mist is required to formulate a coating for 
a given base metal to encounter particular 
service, it is necessary to proceed according 
to the steps outlined above. The first step 
is to evaluate the resistance to the given 90 
service environment of the various glass for- 
mulations and crystalline compositions. If 
such data is not available in the literature, 
it may be readily determined by standard 
laboratory corrosion testing techniques such 95 
as those described above in connection with 
the crystalline phases set forth. When it has 
been determined which crystalline phases and 
which amorphous glass formulations are resist- 
ant to the desired environment, the calcula- 100 
tion hereinafter set forth can be used to 
determine the initial composition which will, 
upon nucleation, yield a coating having the 
desired crystalline phases in combination with 
the desired amorphous glassy matrix there- 105 
between. Once this has been done, then the 
formulation is tested with the desired base 
metal for " fit " by the residual stress deter- 
mining apparatus such as that described 
above. Should it be discovered that the resi- 110 
dual stresses in the desired formulation do 
not fall within the desirable range given 
above, then adjustment may be made in the 
composition of the vitreous or glassy matrix 
according to either of the two principles 115 
described above. For example, if the stress 
is too low, it may be increased by increasing 
the proportion of a refractory oxide such as 
aluminium oxide or magnesium oxide in the 
formulation. Successive adjustment may be 120 
in both the set point and the coefficient of 
expansion of the glassy phase, until the resi- 
dual stresses in the coating fall within the 
desired range. When this has been done, the 
formulation arrived at will be suitable for 125 
coating the base metal in question and will 
be suitable for the environmental conditions 
to be encountered. In connection with this, 
it might be pointed out that the formulation 
may be altered for use on different portions 130 
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of the name object to be coated in order to 
have different residual stresses on portions 
of different configurations 
The above technique can also be uicd 

5 to evuluate the heat treating cycle which 
results in the nuclcation and crystallization 
of the glass to form a nucleated glass coat- 
ing. For example, a rapid rise in temperature 
may result in fusing of the coating with the 

10 production of relatively few nuclei, while 
a slow rise in temperature may result in a 
fused coating containing large quantities of 
crystal nuclei in the glass. These conditions 
of heat treatment con be duplicated and 

15 studied in the laboratory and the results in 
terms of residual stresses can be studied by 
the techniques described above to arrive at 
satisfactory control of the final process prior 
to full scale production. 

20 A better understanding of the application 
of the above mentioned principles and 
methods can be most clearly obtained by 
reference to the following example: 

For purposes of illustration it will be 

25 assumed that it is desired to apply to mild 
steel a coating resistant to boiling hydro- 
chloric add. Certain criteria which the coat- 
ing will have to meet are as follows: 

(a) Since the coating is to be applied to 

30 mild steel, the firing temperature should not 
exceed approximately 1600°F., because 
higher firing temperatures are apt to cause 
warpage and excessive oxidation of the base 
metal. 

35 (b) The compressive stresses should be 
approximately 12,000 to 16,000 pounds per 
square inch at room temperature, and the 
coefficient of thermal expansion of the coat- 



ing must be adjusted to give these values 

on mild steel. 40 

(c) The acid rcsistoncc to boiling hydro- 
chloric acid should be good. As a practical 
criteria, the corrosion should not exceed 30 
to 40 mils per year in boiling 20% hydro- 
chloric ocid in tnc vapor phase. 45 

(d) In order to meet commercial standards, 
the thermal shock resistance should be 
approximately 450°F. This means that the 
coating should be able to withstand being 
heated, and cooled through a range of 450°R 50 
by a water quench without showing any signs 

of cracking or crazing. 

The first step in approaching a problem 
of this nature is to select a residual glass which 
has properties which are similar to the re- 55 
quircmcnts of the coating, and which would 
be affected by the various crystal phases 
in such a way as to give the needed proper- 
ties. For example, the residual glass should 
have a higher coefficient of thermal expansion 60 
than desired for the final coating since the 
precipitation of crystalline phases having rela- 
tively small coefficients of expansion such as 
for example, beta spodumene will consider- 
ably reduce the same. Therefore, initially, 65 
a glass composition having approximately 
75°/, the desired compressive stress on mild 
steel at room temperature is a good starting 
point for the formulation of such a glass. 

Many glass compositions are given in the 70 
literature, and any glass having a suitable 
coefficient of expansion and chemical resist- 
ance could be selected as a starting point 
in this project. It has been found for example 
that the following composition would be suit- 75 
able for this purpose. 



Table V 



Oxides 



Wt. Percent 



SiO, 


65.0 


Na e O 


11.0 


B 2 0 3 


9.0 


Ti0 2 


5.0 


SrO 


3.0 


U t O 


7.0 



When this glass composition is smelted, and 
reduced to a powder, applied to a base metal 
disc, and subjected to 20% hydrochloric add 
80 in the vapour phase at the boiling point, it 
was found that the corrosion rate was approxi- 
mately 16.5 mils per year. Since this is well 
within the criteria set forth above, this glass 
is suitable for the residual glassy or amor- 



phous phase of the coating from a corrosion 
resistant standpoint. 

It was assumed, as a starting point, that 
it is desirable that approximately 50% of the 
polycrystalline-amorphous ceramic coating 
should comprise the jesidual glass composi- 
tion, and approximately 50% should be in 
the crystalline phase. This assumption is 
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20 



25 



based on the estimate that a larger percen- 
tage of the crystalline phase would probably 
result in a firing temperature higher than 
could be tolerated within the criteria des- 
cribed above for a coating of mild steel. 
Accordingly, these proportions have been 
used as initial percentage for calculating the 
formulations. 

In the selection of the crystalline phase, it 
is necessary to run corrosion tests on the 
crystalline phases which are intended to be 
used. In certain cases, as with well-known 
minerals such as rutile, beta spodumene, and 
the like, this data is available in the litera- 
ture; if it is not, this data must be obtained 
in the laboratory by the methods herein out- 
lined. In any case, the selection of the cry- 
stalline phases should be such that the 
corrosion resistance which is the end result 
desired in such a coating is not significantly 
degraded by the addition of this phase. 

In this particular case, it was found that 
beta spodumene and lithium titanium silicate 
have relatively good corrosion resistance when 
exposed to hydrochloric acid. The coefficient 
of thermal expansion of lithium titanium sili- 



cate is approximately 8.6 times which 
is considerably larger than that of beta spo- 
dumene, whose coefficient is very close to 
zero. Thus, in order to avoid severe changes 
in the coefficient of expansion of the finished 
coating, 30% of the total coating weight is 
composed of lithium titanium silicate and 
20% of beta spodumene. 

Having made these preliminary decisions, 
it is then necessary to calculate the starting 
weight of the ingredients to be added to the 
glass so that, if the crystal phases come out 
as desired, the residual glass composition will 
be that given in Table V. A sample calcula- 
tion follows: 

Since the formula of beta spodumene is 
Li20.Al 2 O5.4SiO 2 , the weight percent of 
each of the following oxides in lithium tita- 
nium silicate is given in Table VI. Each of 
the weights is multiplied by 0.20 since this 
constituent will be 20% of the finished coat- 
ing, to give the total weight percent of each 
of the oxides and the total coating compo- 
sition necessary to cause 20% of beta 
spodumene to crystallize. 



Oxide 

Li,0 
Al a O a 
SiO, 



Table VI 

Wt. Percent 

8.03 X .20 = 
27.30 X .20 = 
64.60 X .20 = 



Wt. Percent of 
total coating comp. 

1.61 
5.46 
12.92 



By similar calculation for lithium titanium sary to crystallize 30% of lithium titanium 
silicate, Li,0 x Ti0 2 . SiO„ the weight per- silicate are given in the following table: 
cents in the total coating composition neccs- 

Tablb VII 



Oxide 



Wt. Percent 



Wt. Percent of 
total coating comp. 



Li a O 
TiO, 
SiO B 



17.55 X .30 - 
47.00 X .30 = 
35 35 X .30 = 



5.27 
14.10 
10.60 
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Adding the oxide percentages given in 
Tables VI ond VII ahovc, together with 50/, 
of the oxide percentages given in Table V, 



gives an over-all percentage of oxides as 
follows : 



Tahlb VIII 



Oxide 


Wt. Percent of Total 
Coating Corap. 


SiO„ 


56.02 


Na a O 


6.50 


BgO, 


4.50 


TiO, 


16.60 


SrO 


1.50 


Li a O 


10.38 


A1.0, 


5.46 



The object to be coated, for instance a 
vessel of fabricated mild steel, is first pre- 
pared in the usual way for porcelain enamel- 
ing. The surface is first thoroughly cleaned 
10 and sand blasted to remove all traces of 
foreign matter, scale, and the like which 
could interfere with the adhesion of a sub- 
sequently applied coating. The clean and sand 
blasted base is then given a coat of ground- 



coat enamel in the usual manner. This 15 
ground-coat enamel is especially formulated 
to produce an adherent bond with the base 
metal in order to bond the subsequent corro- 
sion resistant cover coats securely to the 
object to be coated. A typical formula for 20 
enamel ground coat suitable for use for this 
purpose is as follows: 



Table IX 



Oxides 


Weight Percent 


B 3 0 3 


16.0 


Na a O 


14.7 


K a O 


4.4 


SiO a 


48.5 


A1 2 0, 


6.4 


CaO 


4.0 


F, 


3.7 


Co,0 4 


0.6 


MnO a 


1.7 



The above materials are smelted to form 
a homogenous glassy material, which is gene- 
25 rally reduced to a coarse frit by being poured 
into cold water. The resulting granulated 
mass is then ground in water together with 
various mil additions to form an "enamel 



slip " which is a thin liquid approximating the 
consistency of paint. This liquid is then 
applied to the surface to be coated by spray- 
ing, dipping, slushing or any other of the 
known enamelling techniques. The coated 
surface is then dried and fired at a tempera- 
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ture of approximately 1600°F. for approxi- 
mately 30 minutes. This firing process causes 
the particles of enamel to fuse and to adhere 
tightly to the base metal to form a uniform 

5 glassy coating thereon. This procedure as 
herein described is known, and forms no 
part of this invention. 

When the ground coat has been applied 
as described above, the object is ready for 

10 receiving its cover coat of the formulation 
set forth in Table VIII. 

After the formulation has been made up as 
described above, the components are smelted 
to form a glassy composition. This glassy 

15 composition is then fritted by being quenched 
in water (or dry quenched) in order to reduce 
it to the granular state. At this stage in the 
process, the coating material is completely 
amorphous, and to all appearances is identical 

20 with the known types of vitreous enamel. 

The above frit is then dry milled or wet 
milled depending on whether it is to be 
applied by dry or wet processing techniques. 
If the frit is wet milled, it is reduced to a 

25 thin paint-like suspension suitable for the 
application to a surface by spraying, dipping 
or the like. If the material is dry milled, 
it is reduced to a fine powder which may 
be dusted upon the hot surface. The coating 

30 is then fired at a temperature which varies 
with the viscosity of the glass, but would, 
in the case of the formulation given in Table 
VIII, be in the range of from 1400°F. to 
1700°F. The heating rate of the coating is 

35 important at this point since it will have a 
substantial effect on the rate of crystallization 
of the coating. Should the heating rate be too 
slow, there is a danger that the coating might 
crystallize and become refractory prior to 

40 proper fusion. If this should happen, the 
coating would never attain the thin flowable 
stage which is necessary in order to provide 
a uniform glossy continuous coating on the 
object to be fired. On the other band, if the 

45 heating rate is too fast, the coating may 
become too fluid during this stage of the cycle 
and could produce runs or sags in the finished 
product. 

It has been found that a certain amount of 

50 crystallization during initial firing of the cry- 
stal lizable glass coating can be beneficial since 
it will reduce the necessary time required for 
further heat treating. This partial crystalli- 
zation or nucleation which occurs during this 

55 stage of the cycle is similar to and can be 
controlled in a manner similar to that which 
occurs during subsequent heat treatment. For 
this reason, the rate of firing during the ini- 
tial fusing should be considered as part of 

60 the total nucleating heat treatment process, 
and subsequent heat treatment must be adjus- 
ted to take account of the rates of firing 
occurring during the initial fusing of the 
coating. However, should this prove to be 

65 undesirable, it is possible to fire the coating 



at temperatures which will keep it in the com- 
pletely glassy or amorphous stage, and then 
nucleate the crystals at a somewhat lower 
temperature (approximately 1100°F.) and 
then heat treat to obtain the desired crystal 70 
structure in the coating. 

After the coating has been applied and 
fused as described above, it is then subjected 
to a heat treating cycle for crystallizing the 
coating. The heat treatment of compositions 75 
such as those set forth above on a mild steel 
base will generally range from a temperature 
of 1300°F. to 1600°F. for periods of from 
1 to 3 hours. The temperature and duration 
of this treatment is limited by the resistance 80 
of the base metal to oxidation. However, if 
it should be necessary, this treatment could 
be carried on under a non-oxidising atmos- 
phere to prevent any deterioration of the 
base metal during longer heat treatment times. 85 

It has been found that a treatment such 
as that described above will yield a coating 
containing many small crystals ranging from 
sub-microns to 100 microns (with the bulk 
being under 1 micron) in size uniformly 90 
dispersed throughout the glassy matrix. Such 
a coating properly crystallized has a mecha- 
nical strength (as measured by bending tests 
of crystallized glass rods) of three to over 
four times of that of the uncrystallized or 95 
amorphous glass. 

The coefficient of linear expansion of a 
coating such as that described above, would 
range from approximately 7.5 to 11.0 x 10-* 
inches per inch per degree Centigrade. As 100 
described above, this can be adjusted by small 
compositional changes in order to fit the 
particular metal but the above range has been 
found generally satisfactory for coating mild 
steel bases. However, the coefficient of linear 105 
expansion is not the ultimate test since, as 
described above, the set point of the coating 
has also considerable effect on deterrninmg 
the magnitude of the stress of the finished 
coating base metal. For this reason the fitting HO 
of a composition to any particular base metal 
should be done by use of the stress measuring 
techniques herein described. 

It is to be emphasized that the percentages 
given above are not absolute percentages 115 
suitable for all purposes. If substantially all 
of the crystallizable elements crystallize to 
form the crystalline phases defined above, 
the residual glassy phase would contain oxides 
as shown in Table V. However, although 120 
these percentages are not absolute, it has been 
found, by X-ray diffraction and other measure - 
ing means, that the crystalline phases approach 
those given in Tables VI and VII. 

The physical properties of the polycrystal- 125 
line glass as formed in the above example 
have been measured and compared with the 
properties of similar glass prior to the cry- 
stallization. It has been found that the abra- 
sion resistance is significantly increased, ther- 130 
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ma! shock resistance is xuhstnnrially increased, 
nnd the refractoriness of the material is 
greatly increased, The mcchamcul strength 
(us measured by bending tests) is nlso in- 

5 creased. The corrosion resistance is slightly 
decreased but this effect can be controlled 
by b proper choice of composition, resulting 
in desirable corrosion resistant crystalline 
phases nnd a desirable corrosion resistant 

10 residual glass composition. 

It is clear thnt the above formulation 
satisfies the initial criteria set forth above, 
and constitutes a satisfactory coating for mild 
steel apparatus intended to be exposed to the 

15 corrosive attacks of hydrochloric acid. How- 
ever, should such a coating prove unsatisfac- 
tory in any respect, or should it be desired 
to adapt a similar coating for use on a 
different base material, whether metallic or 

20 non-metallic, the application of the principles 
set forth above clearly indicate the modifica- 
tions which must be made. 

As pointed out above, the coatings on con- 
vex surfaces of small radii should have smal- 

25 lcr residual stresses. To this end, it is often 
desirable to alter the composition of the 
coating for the application to different parts 
of the same article. For example, it may be 
desirable to coat the inside of a large piece 

30 of chemical processing apparatus with the 
coaling of one formulation and to apply the 
coating of a somewhat modified formulation 
to convex radii of the nozzles, flanges and 
other fittings. Moreover, when coating large 

35 pieces of apparatus of complex shape, the 
coating on certain parts of the apparatus may 
contain a greater proportion of crystals than 
others due to differential heating effects. For 
example, massive portions of the apparatus 

40 to be coated may be brought to crystallizing 
temperatures more slowly than the smaller 
portions, and this difference in the heat treat- 
ment of various parts of the same apparatus 
may result in diverse properties of the coating 

45 on these various parts. This effect may be 
corrected by applying coatings of different 
compositions to various parts of the same 
apparatus in order to attain the most desirable 
over-all properties in the coating over the 

50 entire surface being coated. 

The foregoing example is intended to be 
illustrative of the methods of applying the 
principles broadly set forth herein. Obviously, 
anyone skilled in the ceramic or glass making 

55 arts, could apply the teaching set forth above 
to formulate a coating to fit any base, and, 
within the limits set by the available materials, 
to perform any desired service. In particular, 
other crystalline phases such as beta eucryp- 

€0 rite, rutile, brookite, lithium metasilicate, 
lithium disilicate, sphene, crystobalite, 
Mg,TtO„ MgTiO a and Mg 3 TiO a , have 
proven satisfactory for various purposes. 



WHAT WK CLAIM IS: 

1. A process of forming partially crystal- 65 
lized glass, comprising the steps of making 

a trysiullisuble glass, producing a frii from 
the amorphous mass formed by melting the 
glass, reducing the frit to a powder, heating 
the powder to a temperature suflicicnt to 70 
cause the particles of the powder to coalesce, 
and maintaining the glass at a crystallising 
temperature to partially crystallise it. 

2. A process as claimed in cluim 1, In 
which, after the frit has been powdered, the 75 
powder is maintained at a nuclcation tem- 
perature to cause the formation of crystal 
nuclei therein and is subsequently maintained 

at the temperature sufficient to cause the 
porticlcs in the powder to coalesce but insuffi- 80 
cient to destroy the nuclei therein, before 
it is maintained at a crystallising temperature. 

3. A process as claimed in claim 2, in 
which the nuclcation temperature ranges from 
B00°F to 1200°F. 85 

4. A process as claimed in claim 1, 2 or 3, 
in which the crystal Usable glass comprises 
from 40°/. to 70% silica and from 10% to 
25% of an alkali metal oxide. 

5. A process as claimed in claim 4, in 90 
which the crystallisablc glass also contains 

one or more of the oxides; TiO s , CcO-, 
MnO = , ZrO-, AI 3 0 3 , B 7 0„ Sb 2 0 3 , Cr 2 0 3 , 
Fe 2 O a , CaO, ZnO and SrO. 

6. A process as claimed in claim 5, in 95 
which the crystaliisable glass contains from 
0% to 20% A1 = 0 3 . 

7. A process as claimed in any preceding 
claim, in which the particles of the powder 

arc of such a size that no more than 15%. 100 
thereof is retained on a 200 mesh screen. 

8. A process as claimed in any preceding 
claim, in which the crystallising temperature 
ranges from 1200° to 2000°F. 

9. A process as claimed in daim 8, in 105 
which the glass is maintained at the cry- 
stallising temperature for 1 to 6 hours. 

10. A process as claimed in claim 9, in 
which the crystallising temperature ranges 
from 1300° to 1600°F and is maintained 110 
for one to three hours. 

11. A process of forming partially cry- 
stallised glass as claimed in claim 1, sub- 
stantially as hereinbefore described. 

12. A process of coating a metallic article 115 
with a partially crystallised glass prepared 
according to the process of any of claims 1 

to 11, in which the powder is applied to the 
metallic article before heating to the tem- 
perature at which the powder coalesces and 120 
the powder-coated article is heated to the 
coalescing temperature and then to the cry- 
stallising temperature to partially crystallise 
the glass as a coating on the article. 

13. A process as claimed in claim 12, in 125 
which the composition of the crystaliisable 



984,446 



15 



glass is chosen so that the partially crystallised in claim 15, 16, 17 or 18, comprising from 

glass is resistant to given environmental con- 40% to 70% silica, and from 10% to 25% 

ditions, by selecting a glass composition of an alkali metal oxide, 

resistant to such environmental conditions, 20, A partiaUy-crystallised glass as claimed 

5 selecting one or more crystalline phases in claim 19, which also contains one or more 

resistant to these environmental conditions, of the oxides: Ti0 2 Al 3 O s , CeO a , MnO», 

and calculating an initial glass formulation Zr0 2 , B 2 O s , Fe 2 0 8 , Sb 2 0», Cr s O„ CaO, ZnO 

which when subjected to crystallising tern- and SrO. 

peratures yields a coating having the desired 21. Partially-crystallised glass, when made 

10 crystalline phases dispersed in a matrix of by a process according to any of claims 1 

resistant glass. to 11. 

14. A process as claimed in claim 13, in 22. A metal article coated with a coating 
which the crystaliisable glass has a coeffi- of a partially-crystallised glass as claimed in 
cient of expansion and a set point such that any of claims 15 to 20, in which the powder 

15 when applied to the article and crystallised is applied to the metal article before heating 

thereon it is subjected to a residual compres- to the temperature at which the powder 

sive stress of from 8000 to 30,000 lbs per coalesces. 

square inch. 23 .A coated article as claimed in claim 22, 

15. A partially-crystallised glass, which is in which the largest dimension of the crystals 
20 formed from a crysxallisablc glass by melting is smaller than 100 microns. 

the glass to an amorphous glassy mass, pro- 24. A coated article as claimed in claim 

ducing a frit from the amorphous mass, 22 or 23, in which the coating is under a 

reducing the frit to a powder, heating the compressive stress from 8,000 to 30,000 lbs. 

powder to a temperature sufficient to cause per square inch. 

25 the particles of the powder to coalesce, and 25. A coated article as claimed in claim 22 

maintaining the glass at a crystallising tern- 23 or 24, in which the coating on the concave 

perature to partially crystallise the same. curved portions of the article is under a 

16. A part i a Uy-cry stallised glass as claimed compressive stress of from 15,000 to 30,000 
in claim 15, in which the powder is of a lbs; per square inch and the coating on the 

30 fineness such that no more than 15% thereof convex portion of the article is under a corn- 
is retained on a 200 mesh screen. pressive stress from 8000 to 30,000 lbs. per 

17. A partially-crystallised glass as claimed square inch. 

in claim 15 or 16, in which the crystals 26. A metal article coated with a coating 

comprise one or more of: beta-spodumene, of a partially-crystallised glass, when made 

35 bcta-cucryptite, lithium titanium silicate, by a process according to claim 12, 13, 14 

rutile, brookite, lithium metasilicate, lithium or 15. 
disilicate, sphene, crystobalite, Mg 2 Ti0 4 , 

MgTiO, and Mg 2 TiO s . POLLAK, MERCER & TENCH, 

18. A partially-crystallised glass as claimed Chartered Patent Agents, 
40 in claim 17, in which the crystals comprise Audrey House, Ely Place, 

less than 50% by weight thereof. London, E.C.1. 

19. A partially-crystallised glass as claimed Agents for the Applicants. 

Leamington Spa: Printed for Her Majeity's Stationery Office, by the Courier Press 
(Leamington J Ltd.— 1965. Published by the Patent Office, 2S Southampton Buildings, 
London. W.C.2. from which copies may be obtained. 
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